Heat stress markedly impairs the growth performance of broilers, such as the reduction of breast muscle mass and yield. The aim of this study was to examine the molecular mechanism of depressed muscle mass and yield caused by heat stress. A total of 144 (28-day-old) male broilers were allocated randomly into 3 treatment groups: (1) the normal control group (environment temperature was 22
INTRODUCTION
The worldwide production and consumption of poultry meat are growing rapidly, and this growing tendency will be lasted in the future (Petracci and Cavani, 2011) , which is primarily due to its acceptable price, abundant nutrient materials (protein), and some bioactive substances like conjugated linoleic acid and vitamins (Barroeta, 2007; Givens, 2009 ). However, the rapid development of poultry industry is accompanied by the emergence of some challenges such as global warming, which results in high ambient temperature, and thus impairs the development of poultry industry (Gregory, 2010) . Driven by the economic demands and consumer preference, the modern broiler breeds with high growth rate and breast yield traits are selected to be raised by the intensive genetic selection. For these factors, broilers are more sensitive to high ambient temperature (Griffin and Goddard, 1994; Deeb and Cahaner, 2002) . Beyond optimum temperature zone, chickens are not able to adjust body hyperpyrexia due to the lack of sweat gland and the plumage covering on the body surface (Lara and Rostagno, 2013) , and this situation is defined as heat stress. The negative impacts of chronic heat stress on poultry production have been testified by numerous researches which indicated that chronic heat stress reduced feed intake and body weight gain (BWG), increased feed to gain ratio, decreased body antioxidant capacity and intestinal immunity, and impaired intestinal morphology (Sahin et al., 2017; Song et al., 2017; He et al., 2018) .
In general, the total number of muscle fibers in broilers is fixed after hatching, and therefore, the post-hatch muscle growth of birds is mainly through hypertrophy attributed to protein deposition in muscle fiber (Knapp et al., 2006; Rehfeldt et al., 2011) . Insulin-like growth factor 1 (IGF-1) is well known for its promotion of protein synthesis and muscle hypertrophy (Gillery et al., 1992; Bibollet-Bahena and Almazan, 2009; Shavlakadze et al., 2010) . Myogenic regulatory factors (MRFs) are a family of muscle-specific transcription factors, which regulate muscle fiber formation and the transcription of several muscle-specific genes including myogenic factor 5 (Myf5), myogenic differentiation (MyoD), myogenin (MyoG), and myogenic regulatory factor 4 (Mrf4) proteins (Edmondson and Olson, 1993; Hernández-Hernández et al., 2017; Zammit, 2017) ; there is a significant positive correlation between MyoD, MyoG, and muscular hypertrophy (Aguiar et al., 2013) .
Mammalian target of rapamycin (mTOR) is identified as a pivotal signal pathway to regulate muscular hypertrophy, and plays an important role in mediating protein synthesis through its downstream targets, p70 ribosomal S6 kinase (p70S6K) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1) Lawrence, 2001) . Amino acids, the substrate of protein synthesis and tissue development, are transported across plasma membrane by amino acid transporters. System L amino acid transporter mediates cellular uptake of the essential amino acids that are necessary for protein synthesis, and this system of transporter is heterodimer consisting of a light chain representatively large neutral amino acid transporter 1 (LAT1/SLC7A5), and a heavy chain 4F2 cell-surface antigen heavy chain (4F2hc/SLC3A2) also called CD98 (Verrey et al., 2004; Rosario et al., 2013) . CD98 is indispensable for the transport function of LAT1. While system A transporter transports non-essential neutral amino acids into cells, which includes the following 3 isoforms: 1) solute carrier family 38 member 1 (SNAT1), 2) solute carrier family 38 member 2 (SNAT2), and 3) solute carrier family 38 member (SNAT4). Out of the 3 isoforms, SNAT2 has the most extensive influence (Mackenzie and Erickson, 2004; Taylor, 2012) .
This study was conducted to investigate the molecular mechanism of chronic heat stress-mediated physiological events that may contribute to muscle loss. We tested the hypothesis that chronic heat stress induces muscle loss through influencing IGFs-mTOR pathways and then regulating muscle hypertrophy, muscle protein synthesis, and uptake of amino acids.
MATERIALS AND METHODS

Birds, Housing, and Management
The birds in this experiment were maintained and used in accordance with the guidelines of the Animal Care Committee of Nanjing Agricultural University (Nanjing, China). A total 210 1-day-old male broilers (Arbor Acres) were obtained from a commercial hatchery, and kept in 26 battery cages from 1 to 28 d. Commercial standard diets and administrative procedures were provided until 28 d of age.
At 28 d of age, a total of 144 broiler chicks with similar body weight (1287±61 g) were equally allocated to 3 environment-controlled chambers (length × width × height: 2.6 m × 1.3 m × 2.7 m). Each chamber included 6 replicates (cages) 1 group with 8 chickens per replicate (cage) (length × width × height: 1.0 m × 0.5 m × 0.4 m). The experiment was sustained from 28 to 42 d old.
Diets and Heat Treatment
The 3 treatments were as follows: 1) in the normal control (NC) group, the chickens were reared at 22
• C ambient temperature and ad libitum access to feed; 2) chickens of the heat stress (HS) group were kept at 32
• C ambient temperature and fed ad libitum; 3) in the pair-fed (PF) group, chickens were maintained at 22
• C and received an equal amount of feed consumption on the previous day by the HS group. During the whole experiment period, the lighting program was operated perpetually and the relative humidity was constant at 55 ± 5%. On a daily basis, the amount of feed consumption of per cage in HS group was calculated and documented to provide the same amount of feed consumption to the PF group. All experimental birds received common basal diet, and water was provided for ad libitum consumption. The compositions and nutrient levels of basal diet are shown in Table 1 .
Growth Performance and Breast Muscle Yield
The feed intake was recorded to calculate the average daily feed intake (ADFI). The difference value between initial weight and final weight was recorded to calculate average daily gain (ADG). The feed to gain tatio (F/G) was obtained by the ratio of ADFI and ADG. The breast muscle yield (%) was calculated by the ratio of breast muscle mass and live body weight.
Sample Collection
At 42 d of the age, 2 birds with approximate average body weight of each cage were selected and killed by decapitation and dissected. The blood sample was collected into centrifugal tube to get serum. The whole breast muscle free of skin and bone were weighed. Two grams of the right pectoralis major muscle was sampled and frozen in liquid nitrogen, and then stored at -80
• C for future mRNA-expression analyses. 2 ME, metabolizable energy.
Blood Measurements
The activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), the concentrations of total protein (TP), and uric acid (UA) in serum were measured by their corresponding commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The concentration of IGF-I in serum was measured by radioimmunoassay kit (Beijing North Institute of Biological Technology, Beijing, China). A mixed liquid consisting of 50 μL of serum and 150 μL of 10% sulfosalicylic acid was precipitated protein at 4
• C for 10 min and then centrifuged at 25,000 rpm at 4
• C for 30 min. The supernatant filtered by a 0.22-μm filter membrane was used to measure the concentration of amino acid. According to the methods of Wu and Knable (1995) , the concentrations of free amino acids in serum were determined by Hitachi L-8900 amino acids analyzer (Hitachi, Tokyo, Japan)
RNA Extraction and Quantitative Real-Time PCR
The RNAs of breast muscle samples were extracted using TRIzol reagent as described in the manufacturer's protocol (Takara Biotechnology Company Ltd, Dalian, China). The concentration of RNA was measured by an ultramicrospectrophotometer (Thermo Scientific, Wilmington, DE) and used for following PCR. RNA was reverse-transcribed using Prime Script RT Master Mix kit (Takara Biotechnology Company Ltd, Dalian, China) following the manufacturer's recommendation. The reaction system volume was 20 μL and the condition was carried out at 37
• C for 15 min, 85
• C for 5 s, and then followed by 4
• C. Quantitative real-time PCR was performed using ABI PRISM 7500 (Applied Biosystems, Foster City, CA) with SYBR Premix Ex Taq kits (Takara Biotechnology Co. Ltd, Dalian, China) for the measurement of mRNA expression. The reaction volume of 20 μL was composed of 10 μL SYBR Premix Ex Taq, 7.8 μL of RNA enzyme-free water, 0.4 μL of ROX Reference Dye II, 0.4 μL of sense primers, 0.4 μL of anti-sense primers, and 1 μL of cDNA. The primes designed in GenBank were synthesized by Sangon Biotechnology (Shanghai, China) and listed in Table 2 . The real-time PCR program was operated as follows: 95
• C for 30 s; 40 cycles of 95
• C, and 60
• C for 5 and 30 s, respectively; then 95
• C for 15 s, 60
• C for 1 min, and 95
• C for 15 s. All of the PCR reactions were performed in triplicate. The GAPDH gene was used as reference gene to normalize the expression data of the target genes. Relative mRNA expression was calculated using the 2 − Ct method (Livak and Schmittgen, 2001 ).
Statistical Analysis
The data were analyzed by one-way ANOVA with software SPSS Statistics 20.0 (SPSS Inc., Chicago, IL).
Differences among the means were tested using Duncan's multiple range tests. The ADFI, ADG, and F/G were analyzed by the cage as a replicate, whereas other indexes were analyzed by the mean of 2 chickens per cage as a replicate (n = 6). The results were presented as means ± SEs, and a probability level of P < 0.05 was considered to indicate statistical significance.
RESULTS
Growth Performance and Breast Muscle Yield
The effects of chronic heat stress on growth performance and breast muscle yield of broiler chickens are shown in Table 3 . After 14 d of heat exposure, the ADFI and breast muscle yield were significantly lower in the HS group than those of the NC group Results are represented as mean value ± SE (n = 6). a-c Mean values within a row without an identical superscript letters were significantly different (P < 0.05). 1 ADFI, average daily feed intake; ADG, average daily gain; F/G, feed to gain ratio. 2 NC, normal control group; HS, heat-stress group; PF, pair-fed group.
(P < 0.05). Compared with NC and PF groups, the ADG and breast muscle mass were decreased, and the F/G was increased significantly in the HS group (P < 0.05).
Blood Biochemical Indexes
The activities of serum ALT, AST, and the concentrations of TP, UA, and IGF-1 are presented in Table 4 . No significant difference was observed among the 3 groups for activity of serum ALT and concentration of TP after 14 d of heat exposure (P > 0.05). The serum activity of AST and concentration of UA in HS group showed a significant increase compared with those of the other 2 groups (P < 0.05). After 14 d of heat exposure, the serum concentration of IGF-1 in HS group was significantly lower than those of the other 2 groups (P < 0.05).
Serum Amino Acid Concentrations
As shown in Table 5 , after 14 d of heat exposure, heat stress did not affect the concentrations of serum cysteine and serine in comparison with those of other 2 groups (P > 0.05). The concentrations of glutamic acid and aspartic acid in HS group were significantly lower than those of the NC group (P < 0.05). But the concentrations of serum arginine, glycine, histidine, isoleucine, leucine, phenylalanine, valine, and alanine in HS group were significantly higher than those of the other 2 groups (P < 0.05). Compared to the PF group, the concentrations of serum lysine, methionine, Results are represented as mean value ± SE (n = 6). a,b Mean values within a row without an identical superscript letters were significantly different (P < 0.05).
1 ALT, alanine aminotransferase; AST, aspartate aminotransferase; TP, total protein; UA, uric acid; IGF-1, insulin like growth factor 1.
2 NC, normal control group; HS, heat-stress group; PF, pair-fed group. Results are represented as mean value ± SE (n = 6). a-c Mean values within a row without an identical superscript letters were significantly different (P < 0.05).
1 NC, normal control group; HS, heat-stress group; PF, pair-fed group.
threonine, and tyrosine in the HS group were significantly evaluated (P < 0.05).
Gene Expressions of IGFs Pathways in Breast Muscle
As shown in Figure 1 , compared with the other 2 groups, the mRNA expressions of IGF-1 and IGF-1 receptor (IGF-1R) were significantly decreased in the HS group (P < 0.05). Additionally, the mRNA expressions of IGF-1 and IGF-1R in the NC group were significantly increased compared to those in the PF group (P < 0.05).
The results of insulin receptor substrate 1 (IRS-1) and mTOR mRNA expressions are shown in Figure 2 . Compared with the other 2 groups, the mTOR mRNA expression was significantly decreased in the HS group (P < 0.05). The IRS-1 mRNA expression of NC group was significantly higher than that of the other 2 groups. However, no significant difference between HS and PF groups was observed. Results are represented as mean value ± SE (n = 6). NC, normal control group; HS, heat-stress group; PF, pair-fed group. IGF-1, insulin like growth factor 1; IGF-1R, insulin like growth factor 1 receptor. a, b, and c refer to significant differences between 3 groups for IGF-1 mRNA expression (P value < 0.001) and IGF-1R mRNA expression (P value < 0.001) in the breast muscle.
As shown in Figure 3 , the mRNA expression of S6K1 in HS group was significantly lower than that of the other 2 groups (P < 0.05). Compared with HS and PF Figure 2 . Effects of chronic heat stress on mRNA expressions of IRS-1 and mTOR in the breast muscle of broilers. Results are represented as mean value ± SE (n = 6). NC, normal control group; HS, heat-stress group; PF, pair-fed group. IRS-1, insulin receptor substrate 1; mTOR, mammalian target of rapamycin. a and b refer to significant differences between 3 groups for IRS-1 mRNA expression (P value < 0.001) in the breast muscle. a, b, and c refer to significant differences between 3 groups for mTOR mRNA expression (P value < 0.001) in breast muscle. Figure 3 . Effects of chronic heat stress on mRNA expressions of S6K1 and 4E-BP1 in the breast muscle of broilers. Results are represented as mean value ± SE (n = 6). NC, normal control group; HS, heat-stress group; PF, pair-fed group. S6K1, the 70 kD ribosomal protein S6 kinase; 4E-BP1, eukaryotic translation initiation factor 4E binding protein-1. a, b, and c refer to significant differences between 3 groups for S6K1 mRNA expression (P value < 0.001) in the breast muscle. a and b refer to significant differences between 3 groups for 4E-BP1 mRNA expression (P value = 0.034) in the breast muscle.
groups, the mRNA expression of 4E-BP1 was significantly increased in NC group.
Gene Expressions of MRFs in Breast Muscle
The effects of 14 d heat exposure on the mRNA expressions of MyoD and MyoG are shown in Figure 4 . The mRNA expressions of MyoD and MyoG were significantly decreased in HS group compared with those of the other 2 groups (P < 0.05).
Gene Expressions of Amino Acid Transporters in Breast Muscle
The results of amino acid transporters mRNA expressions are shown in Figure 5 . Compared with those of NC and PF groups, the mRNA expressions of SNAT2 Figure 4 . Effects of chronic heat stress on mRNA expressions of MyoD and MyoG in the breast muscle of broilers. Results are represented as mean value ± SE (n = 6). NC, normal control group; HS, heat-stress group; PF, pair-fed group. MyoD, myogenic differentiation; MyoG, myogenin. a, b, and c refer to significant differences between 3 groups for MyoD mRNA expression (P value < 0.001) in the breast muscle. a and b refer to significant differences between 3 groups for MyoG mRNA expression (P value < 0.001) in the breast muscle. Figure 5 . Effects of chronic heat stress on mRNA expressions of SLC38A2, SLC3A2, and SLC7A5 in the breast muscle of broilers. Results are represented as mean value ± SE (n = 6). NC, normal control group; HS, heat-stress group; PF, pair-fed group. SLC38A2(SNAT2), solute carrier family 38 member 2; SLC3A2(CD98), solute carrier family 3 member 2; SLC7A5(LAT1), solute carrier family 7 member 5. a and b refer to significant differences between 3 groups for SNAT2 mRNA expression (P value < 0.001), CD98 mRNA expression (P value < 0.001), and LAT1 mRNA expression (P value < 0.001), in the breast muscle.
(SLC38A2), CD98 (SLC3A2), and LAT1 (SLC7A5) were significantly decreased in the HS group (P < 0.05).
DISCUSSION
It is widely known that heat stress impairs poultry production. Heat-stressed chickens reduce feed intake to diminish metabolic heat production and maintain homeothermy, which subsequently results in lower BWG (Temim et al., 1999; Sahin et al., 2017; Song et al., 2017) . Some researchers considered that the decreased feed intake was responsible for declining growth performance after heat stress. But the decreased BWG caused by heat stress is greater than the reduction of feed intake, which lead to an increase of feed to gain ratio (Sohail et al., 2012) . Under normal conditions, adipose tissue can promote the exportation of non-esterified fatty acid by increasing fat mobilization. However, the chronic heat-stressed chickens suffer negative energy balance due to being unable to effectively mobilize fat, thereby inducing protein decomposition, which subsequently impair growth performance . The present study showed that chronic heat stress reduced broiler feed intake and increased F/G. The ADG was lowered in HS group compared to the PF group based on the same feed intake, which is consistent with the results of de Souza et al. (2016) and Zuo et al. (2015) . Therefore, the lower ADG of chronic heat-stressed chickens was caused by reductions in both feed consumption and efficiency. We also found that chronic heat stress impaired breast muscle mass and yield. However, the regulatory mechanism of chronic heat stress inducing lower muscle yield is anfractuous and maintains elusive.
The increase of cycling IGF-1 concentration is accompanied by the increase of growth rate in broiler (Beccavin et al., 2001; Scanes, 2009 ). According to tissue-restricted transgene technology, Musarò et al. (2001) reported that transgenic mice with increased IGF-1 mRNA expression were approximately 2-fold greater in skeletal muscle mass than wild-type mice. Miyake et al. (2007) found that muscle hypertrophy in IGF-1 knockout mice was severely restricted in comparison with wild-type mice. Compared with NC and PF groups, we found that serum IGF-1 concentration and muscle IGF-1 mRNA expression were significantly decreased in birds of the HS group. These results demonstrated that heat stress impaired muscle hypertrophy may through reducing circulating IGF-1 concentration and muscle IGF-1 gene expression.
The total number of chicken muscle fibers is fixed after hatching. Therefore, the chicken muscle growth is mostly through muscle fiber hypertrophy in length and diameter, and the hypertrophy process is achieved by protein deposition in muscle fibers (Knapp et al., 2006; Rehfeldt et al., 2011) . It is now widely accepted that the mTOR signal pathway, as a key pathway of muscle growth, is mediated by IGF-1 Rommel et al., 2001) . The hormones and local growth factor functions of IGF-1 are achieved by IGF-1R that is a transmembrane protein including 2 α-subunits extracellular, and the binding of IGF-1 to IGF1R stimulates autophosphorylation itself (Philippou et al., 2007) . Moreover, the binding recruits especially cytoplasmic molecules including IRS. IRS-1 is identified as a regulator connecting protein for other downstream molecular target involving mTOR (Zanou and Gailly, 2013) . The present study showed that chronic heat stress reduced the mRNA expressions of IGF-1, IGF-1R, IRS-1, and mTOR in breast muscle indicating that chronic heat stress reduced the mRNA expressions of upstream of mTOR, and thus inhibited mTOR.
S6K1 is known as a critical molecule in muscle hypertrophy in downstream of the mTOR pathway Ohanna et al., 2005) . The deletion of S6K1 in rat causes the reduction of myoblast size and muscle mass (Ohanna et al., 2005) . Moreover, S6K1 mediates cell growth through regulating cell size without affecting the cell number (Montagne et al., 1999) . Deldicque et al. (2007) suggested that mTOR/p70S6K pathway increased C 2 C 12 cell differentiation through regulating MyoD. Thus, the function of S6K1 is indispensable for the maturity and hypertrophy of muscle fibers. MRFs not only regulate the maturity of muscle fiber but also play a pivotal role in muscle fiber hypertrophy (Always et al., 2002; Zanou and Gailly, 2013; Yin et al., 2015) . Previous studies suggested that MyoD and MyoG were necessary for muscle fiber hypertrophy (Lowe and Always, 1999; Ishido et al., 2004) . Knapp et al. (2006) reported that transgenic mice without myogenin gene exhibited severe reduction of skeletal muscle mass. The present study demonstrated that 14 d of heat exposure decreased the mRNA expressions of muscle S6K1, MyoD, and MyoG, which suggested that chronic heat stress could reduce muscle hypertrophy through repressing S6K1, the downstream of mTOR, which could regulate MRFs.
In addition, there is no doubt that the best described feature of mTOR is regulating mRNA translation initiation and accelerating protein synthesis. The mTOR regulates translation by phosphorylating its downstream genes, including S6K1 and 4E-BP1. After the activation of mTOR, S6K1 phosphorylates ribosomal protein S6 and subsequently promotes mRNA translation (Corradetti and Guan, 2006) . The 4E-BP1 dissociated from eIF4E is mediated by activation of mTOR, which forms eIF4F complex that initiates mRNA translation to control protein synthesis (Lehr et al., 2004) . Uric acid is an indicator of protein metabolism, and the increase of blood UA is accompanied by the decrease of body protein synthesis (Yalçın et al., 2009 ). In the present study, chronic heat stress reduced the mRNA expressions of S6K1 and 4E-BP1 in the breast muscle and increased the level of serum UA. These results suggested that chronic heat stress decreased muscle protein synthesis through inhibiting downstream and upstream of mTOR.
On the other hand, amino acids, as the substrate of protein synthesis, are transferred into cell via amino acid transporters. System L amino acid transporter regulates cellular uptake of essential amino acids, which is composed of light chain representatively LAT1 and heavy chain CD98 that is indispensable for the function of LAT1 (Wagner et al., 2001; Verrey et al., 2004; Rosario et al., 2013) . System A amino acid transporter of the SLC38 family belongs to Na + -dependent transporter and transports non-essential neutral amino acids into cells, and this system transporter includes 3 isoforms: SNAT1, SNAT2, and SNAT4. SNAT2 has the most extensive influence among the 3 isoforms (Mackenzie and Erickson, 2004; Taylor, 2012) . Rosario et al (2013) demonstrated that mTOR decreased uptake of amino acids in human trophoblast by reducing the plasma membrane expression of system L and system A amino acid transporters. The reduction is isoform-specific where mTOR can regulate LAT1 and SNAT2 rather than LAT2, SNAT1, and SNAT4 (Rosario et al., 2013) . Previous studies demonstrated that mTOR affected the transportation of amino acids by regulating the expressions of specific transporter isoforms of SNAT2 and LAT1 (Walker et al., 2014; Rosario et al., 2016) . In our present study, 14 d of heat exposure decreased the expressions of SNAT2, LAT1, and CD98 in the breast muscle, and increased the concentrations of most amino acids in serum. These results demonstrated that inactive mTOR caused by chronic heat stress reduced muscle amino acid uptake by downregulating the expressions of specific transporter isoforms, and subsequently resulted in augment of concentrations of most amino acids in serum. Meanwhile, chronic heat stress decreased body energy retention inducing insufficient energy supply and inhibited fat oxidation that product energy for body utilization (de Souza et al., 2016; Lu et al., 2017) , and thereby caused the degradation of muscle tissue protein (Zuo et al., 2015) , which might subsequently result in the increase of serum amino acid concentrations. Heat stress promoted muscle tissue protein degradation and produced a mass of amino acids into blood, and these amino acids were then transferred to liver to produce glucose and supply energy via gluconeogenesis (Rhoads et al., 2011) .
In conclusion, chronic heat stress reduced growth performance, breast muscle mass, and yield of broilers. Chronic heat stress also reduced the mRNA expressions of IGF-1 and its downstream genes in breast muscle, and thereby induced inactivity of mTOR and its downstream target S6K1 that regulated MRFs to decrease muscle hypertrophy. Meanwhile, the reduction of muscle protein synthesis was caused by reductions in both muscle amino acid uptake and the expressions of specific transporter isoforms due to the inactivity of mTOR and S6K1. The combined decreased action of muscle protein synthesis and hypertrophy resulted in chronic heat stress inducing breast muscle loss.
